Background: Myopia is a common eye disorder that is approaching epidemic proportions worldwide. A genome-wide association study identified AREG (rs12511037), GABRR1 (rs13215566), and PDE10A (rs12206610) as being associated with refractive error in Asian populations. The present study investigated the associations between these three genetic variants and the occurrence and development of myopia, spherical equivalent refraction (SER), axial length (AL), and corneal curvature (CC) in a cohort of southeastern Chinese schoolchildren.
INTRODUCTION
Myopia (nearsightedness) is a common eye disorder that is reaching epidemic proportions worldwide (Williams et al., 2015; Wang et al., 2018; Tideman et al., 2019) . The global prevalence of myopia is increasing and expected to increase from one in four persons in 2000 to nearly half of the global population by 2050 (Holden et al., 2016) . It is generally characterized by axial elongation of the eye, accompanied by structural changes in the choroid and retina. High myopia increases the risk of complications including myopic macular degeneration, glaucoma, and cataract, all of which lead to visual impairment and even blindness . Therefore, the prevention and treatment of myopia are important for public health.
Myopia is caused by a complex interaction between nature and nurture (Miraldi, 2017) . Although numerous epidemiological studies have implicated environmental factors, most notably outdoor exposure and near work (He et al., 2015; Huang et al., 2015; Guo et al., 2017; Lin et al., 2017) , as being associated with the development of myopia, it is well established that genetic factors also play an important role. At present, 161 candidate genetic loci influencing refractive error have been identified (Tedja et al., 2018) . The few studies performed in the Asian population have determined the potential genetic susceptibility loci for refractive error, including GJD2 (Cheng et al., 2013; Miyake et al., 2015) , AKAP13 (Cornes et al., 2012) , LAMA2 (Cheng et al., 2013) , and WNT7B (Miyake et al., 2015) , etc. Fan et al. (2016) reported that three novel loci, AREG (rs12511037), GABRR1 (rs13215566), and PDE10A (rs12206610), were associated with refractive error only in the Asian population. AREG is involved in extracellular matrix remodeling (Duncan and Collison, 2003) . GABRR1 and PDE10A play a role in retinal neurotransmission and circadian rhythm, respectively (Wolloscheck et al., 2011; Fan et al., 2016) .
Although AREG (rs12511037), GABRR1 (rs13215566), and PDE10A (rs12206610) are genetic susceptibility loci for refractive error in the Asian adult population, it is unknown whether these three genes are associated with refractive error in schoolchildren. Furthermore, to the best of our knowledge, whether variants of these genes are related to refraction development, axial length (AL) and corneal curvature (CC) has not been reported. AL and CC are primary biological determinants of refractive error and myopia (Cheng et al., 2013; Chen et al., 2014) . In particular, some studies have shown that AL growth can be used as a proxy to predict refractive development at an early age (Tideman et al., 2018; Sanz et al., 2019) . Therefore, identifying variants associated with AL and CC in addition to refraction can enhance our understanding of the genetic architecture of refraction (Vergara et al., 2018) .
Hence, this study investigated the associations between three novel loci (rs12511037, rs13215566, and rs12206610) and the occurrence and development of myopia, spherical equivalent refraction (SER), AL, and CC in southeastern Chinese schoolchildren during a 4-year follow-up period.
MATERIALS AND METHODS

Study Subjects
The study was a 4-year school-based prospective longitudinal study associated with the Wenzhou Epidemiology of Refractive Error (WERE) project. Among 64 primary schools, we selected three schools using stratified random sampling in the Lucheng district of Wenzhou, southeastern China. The three schools had similar campus cultures, educational qualities and community socioeconomic statuses. Grade 1 children were included in this study. Written informed consent was obtained from each participant. The study was approved by the ethics committee of the Eye Hospital of Wenzhou Medical University and followed the tenets of the Declaration of Helsinki. All participants underwent a complete ophthalmological examination including manifest (non-cycloplegic) refraction (every semester), AL measurement (every year), and CC measurement (every year). The amounts of time spent on near work and outdoors were ascertained from a questionnaire. Near-work activities included doing homework, extracurricular reading and using electronic devices. The amounts of time spent on near work and outdoors per day were calculated as (5 * time on weekdays + 2 * time on weekends)/7. Myopia was defined as an SER of at least −1.0 diopter (D) You et al., 2012; Wu et al., 2015b) . Incident myopia was defined as the proportion of children who were non-myopic at baseline but who subsequently developed myopia during the follow-up period. The annual shift in refraction was the difference in mean SER (the follow-up measurement minus the baseline measurement) divided by the mean follow-up time in years. A significant myopic shift was defined as a change in SER ≤ −0.50 D/y (Wu et al., 2015a; Hsu et al., 2017) . As the refractive data of both eyes were strongly correlated (Spearman's ρ = 0.84-0.98, P < 0.001), only the data for the right eye were analyzed.
SNP Selection and Genotyping
A total of three SNPs in three candidate regions were selected for the present study. The selected SNPs are located in the AREG (rs12511037), GABRR1 (rs13215566), and PDE10A (rs12206610) genes. The information about these three genes is shown in Table 1 . The coordinates and variant identifiers are reported in the NCBI B37 (hg19) genome build and were annotated using the University of California Santa Cruz (UCSC) Genome Browser (Kent et al., 2002) . DNA was extracted from oral mucosa for genotyping. Primers were designed for each SNP using Primer 5.0 software. The primer sequences are listed in Table 2 .
The SNPs were amplified with PCR using a 2720 Thermal Cycler (Applied Biosystems, Inc.
[LongGene], Hangzhou, China). PCRs were performed in 50 µl reaction volumes containing 50 ng of genomic DNA, 2 µl of each 10 µM primer pair, a 0.4 µM final primer concentration and 1 µl of DNA template. Initial denaturation was performed for 2 min at 98 • C, followed by 30 cycles of 98 • C for 10 s, 56 • C for 10 s, and 72 • C for 10 s and a final elongation of 2 min at 72 • C followed by a hold at 4 • C. Genotyping was performed by Sanger DNA sequencing (Applied Biosystems, 3730XL). Sequence alignment was performed using the SeqMan program in DNASTAR software (DNASTAR Inc., Madison, WI, United States).
Statistical Analysis
Statistical analysis was performed by SNPtest software for Linux 1 to identify genetic variants significantly associated with the occurrence and development of myopia, SER and ocular parameters. The additive, dominant, recessive, general and heterozygous models were used in the genetic analyses by comparing major-allele homozygotes vs. heterozygotes vs. minor-allele homozygotes; major-allele homozygotes vs. heterozygotes + minor-allele homozygotes; major-allele homozygotes + heterozygotes vs. minor-allele homozygotes; major-allele homozygotes vs. minor-allele homozygotes; and minor-allele homozygotes + major-allele homozygotes vs. heterozygotes, respectively. The inheritance models were adjusted for sex, age, time spent on near work, and time spent outdoors. Normally distributed data were expressed as means ± standard deviations (SDs) and the skewness of the data was expressed as the median (P25 and P75). The odds ratios (ORs) with corresponding 95% confidence intervals (CIs) were presented. Ten thousand permutations were used for each model to correct for multiple testing. For each SNP, we kept the 1 http://mathgen.stats.ox.ac.uk/genetics_software/snptest/snptest.html population sizes of the different groups the same, but interfered with the genotypes 10,000 times, and obtained 10,000 chi-square values of the interference samples. Then we defined the value of P , which equaled the distribution of the original P-value in the simulated P-values calculated from the actual data. A corrected P-value < 0.05 was considered significant.
RESULTS
Characteristics of the Study Population
Among the 550 children in grade 1, those without a complete ocular examination (n = 17), those who had ocular diseases or who wore contact lenses (n = 12), and those without genotype data (n = 52) were excluded. After applying the exclusion criteria, 469 children were included for further analyses. Among them, 406 children were non-myopic and 63 children were myopic at baseline. 
Associations of Genetic Variants With Myopia and SER
For all children (n = 469), the SER changed by −0.22 D (−0.48, −0.05) every year. One hundred eight children (23.0%) had a significant rate of myopic shift. The genotypes and allele frequencies of each SNP associated with a significant myopic shift and a non-significant myopic shift are shown in Table 4 . However, after adjusting for age, sex, time spent on near work, and time spent outdoors, we did not find a significant difference in genotype or allele frequency between significant myopic shift and non-significant myopic shift. For children who were non-myopic at baseline (n = 406), 42.9% (n = 174) had incident myopia, and 57.1% (n = 232) remained non-myopic. The frequencies of genotypes and alleles for the three loci in the remaining non-myopic group and incident myopic group are displayed in Table 5 . There were no significant associations between the SNPs (rs12511037, rs13215566, and rs12206610) and incident myopia after adjusting for age, sex, time spent on near work, and time spent outdoors.
The results for genotype and allele associations of the three SNPs with the change in SER are summarized in Figure 1 . After adjusting for age, sex, time spent on near work, and time spent outdoors, neither the genotypes nor allele frequencies of the three SNPs were associated with the change in SER.
Associations of Genetic Variants With Ocular Parameters
The associations of genotypes and alleles of the three loci with the increase in AL are shown in Figure 2 and Table 6 . For AREG (rs12511037), the P-values for the dominant, recessive, additive, and general models were 0.0021, 0.0271, 0.0030, and 0.0075, respectively, after adjusting for age, sex, near-work time, and outdoor time. After 10,000 permutations, the genotype of rs12511037 was still associated with the increase in AL (P = 0.0032, P = 0.0275, P = 0.0045, and P = 0.0099, respectively). This showed that the T allele and TT genotype were significantly associated with an increase in AL. Children with the TT genotype of rs12511037 had significantly greater ALs (1.19 mm) than those carrying the CC (1.10 mm) or CT (1.08 mm) genotype.
The associations of genotypes and alleles of the three SNPs with the change in CC are summarized in Figure 3 and Table 6 . After adjusting for age, sex, near-work time, and outdoor time, the genotype of PDE10A (rs12206610) was associated with the change in CC in the additive (P = 0.0070), dominant (P = 0.0070), and heterozygous models (P = 0.0070). After 10,000 permutations, the genotype of rs12206610 was still associated with the change in CC in these three models (all P -values = 0.0096).
DISCUSSION
We performed a genetic association analysis of the occurrence and development of myopia, the change in SER, the increase in AL, and the change in CC in 469 grade 1 schoolchildren during a 4-year follow-up as part of the WERE project. We confirmed that AREG (rs12511037) was associated with the increase in AL and that PDE10A (rs12206610) was associated with the change in CC. Several studies have reported genes associated with AL (Fan et al., 2012; Cheng et al., 2013; Miyake et al., 2015) . Miyake et al. (2015) identified WNT7B as a novel susceptibility gene for AL in Chinese individuals. Cheng et al. (2013) found nine significant loci for AL (RSPO1, C3orf26, LAMA2, GJD2, ZNRF3, CD55, MIP, ALPPL2, and ZC3H11B) in a study of 12,531 Europeans and 8,216 Asians. Fan et al. (2016) reported that AREG (rs12511037) was associated with myopia in Asian populations. No prior studies reported an association between AREG and AL. Therefore, we performed a 4-year cohort study and found that AREG was significantly associated with the increase in AL. Song et al. (2018) reported that the injection of the AREG antibody into guinea FIGURE 2 | Association of genotypes and alleles of the three loci with the increase in axial length. pigs resulted in a statistically significant decrease in AL, which confirms our finding in animal experiments. The AREG gene is a ligand of the epidermal growth factor receptor (EGFR), which promotes the growth of normal epithelial cells (Wang et al., 2004) . It is specifically expressed in human retinal pigment epithelium (RPE). The relationship between the RPE and myopia is particularly close. During the formation of myopia, RPE cells not only undergo significant structural changes but also transmit signals of myopia in the retina, regulate the growth of sclera cells, and thus regulate the growth and development of the eyeball (Wallman, 1990) . We speculated that AREG may bind to EGFR and use RPE cells as a hub to activate specific signaling pathways FIGURE 3 | Association of genotypes and alleles of the three loci with the increase in corneal curvature.
to induce myopia, mainly manifested in the growth of AL among the biological parameters. However, the function of the AREG gene in myopia remains to be further studied.
Although AREG (rs12511037) demonstrated evidence of an association with AL, it was not associated with SER in our study. In eyes without refractive error, AL and CC are precisely scaled relative to one another and have a strong phenotypic correlation . Therefore, AREG might mediate compensatory effects through changes in CC or optical power, thereby balancing their impacts on SER. In addition, AL measurements are more precise and less prone to errors than cycloplegic or non-cycloplegic assessments of refraction (Fan et al., 2012) .
Some genes associated with CC have been detected (Han et al., 2011; Chen et al., 2014; Miyake et al., 2015; Vergara et al., 2018) . Vergara et al. (2018) confirmed associations of two previously known loci (rs2114039 and rs634990) with CC in 1,871 European-Americans. Miyake et al. (2015) identified WNT7B (rs10453441) as a novel susceptibility gene for CC in Chinese individuals. We found that PDE10A (rs12206610) was associated with the change in CC, not with the change in AL. This finding may indicate that PDE10A acts on the irregularities of the cornea rather than on the length of the eyeball. However, correlation does not imply causation. PDE10A is mostly expressed in the retina (Wagner et al., 2013) and is involved in circadian rhythm, and the levels of the PDE10A protein display circadian rhythm at retinal photoreceptors (Wolloscheck et al., 2011) , suggesting potential roles of this protein in the visual circle. PDE10A has gained attention as a therapeutic target for psychiatric disorders (Wilson and Brandon, 2015; Zhang et al., 2017; Cheng et al., 2018) . Few studies have reported an association between PDE10A and myopia, and no prior study has analyzed the relationship between PDE10A and ocular parameters. Considering the small samples in this study, the relationship between PDE10A and CC needs to be further investigated and the underlying biological mechanism needs to be clarified in both human genetic epidemiology studies and animal models.
One strength of this study is that it is the first to analyze associations between these three SNPs and refraction and ocular parameters during a cohort study of Chinese schoolchildren. Nevertheless, this study has some limitations that should be acknowledged. First, the population in our study was limited to the southeastern Chinese population. As a result, generalization of the results is limited to some extent. Second, the sample size of our study was small. Hence, further cohort studies with a larger sample size are warranted.
CONCLUSION
We identified AREG (rs12511037) and PDE10A (rs12206610) as new susceptibility loci for the increase in AL and change in CC, respectively, in Chinese schoolchildren. This finding provides a basis for further exploration of AREG and PDE10A involvement in the development of myopia and its molecular mechanism. The role of AREG and PDE10A in the pathogenesis of myopia requires further studies in animal models and human genetic epidemiology.
